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Chapter 1: Introduction 
1.1 Need for Alternate Fuel Sources 
In the mid-19th through early 20th century, the United States catapulted through an industrial 
revolution that was catalyzed by a sharp increase in immigrant workforce that brought European 
concepts of machination and efficiency [1]. As implied, despite its status as a world power, the 
United States arrived late to the agrarian-industrial transition that was sweeping the world. The 
early 19th century saw many Eastern nations utilize modern technologies to exercise control over 
population dynamics and overcome the “Malthusian Trap” coined after political economist 
Thomas Malthus [2]. In what some economists call the “European Miracle”, an optimal overlap 
in scientific innovation and economic stability led to the invention of machines and techniques 
meant to improve work efficiency [2]. However, the technological development would require 
major energy costs to sustain global use. From smokestacks to water driven machines and peat, 
the world found itself in constant need of an abundant, high energy resource that could 
supplement their constantly increasing energy demands until ultimately turning to fossil fuels 
through coal [2-4]. 
The extremely exergonic process of coal combustion releases ~30kJ of energy per gram 
along with significant concentrations of toxic gases like carbon dioxide, sulfur or nitrogen 
dioxide [5,6]. These pollutants, once inhaled, cause a significant decrease in blood pH and lower 
the hemoglobin protein’s binding affinity for oxygen [7]. This deviation from biological 
homeostasis causes cardiac hypertrophy, neurodevelopmental disorders, increased oxidative 
stress while aging, and ultimately death [5,7]. These effects are pronounced in children, who 
breathe more air on a per kilogram basis than their adult counterparts, thereby increasing their 
risk of toxicity.  Of the adolescent demographic, it has been cited that children living in poverty 
who are often located near large factories or power plants suffer the most from the pollutants 
released by coal combustion [8,9]. These factors have led to a global mortality rate of 8.8 million 
people a year due to air pollution related illnesses [9].  
Beyond the impact these pollutants have on health, combustion byproducts accumulate in the 
atmosphere and contribute to climate change [51]. The carbon emissions from combustion alter 
the carbon cycle and contribute to global warming.  [52, 53] As the Earth’s surface warms, 
various animal habitats are destroyed by the melting of glaciers and increased sea levels that 
flood surrounding territories. These changes in homeostasis bear implications of a major shift in 
the life we are able to enjoy and live today.  
However, our exponentially increasing global population places us in a conundrum wherein 
our survival is dependent upon fuel production, but current methods to produce this fuel threaten 
the public health of the world. Therefore, the race to develop sustainable energy sources to 
support a vastly growing population while mitigating the detrimental effects of fossil fuels has 
blossomed into an industry valued at over $1.5123 trillion by 2025 [10]. However, scientists, 
economists, and families alike remain mystified at the best way to circumvent traditional fuel use 
with renewable energy sources like hydroelectric systems, wind power, and solar thermal 
conversion systems. 
1.2 An Opportunity to Optimize Fuel Production and Storage 
As mentioned, scientists have worked diligently in recent years to develop technologies that 
can capture energy from natural resources and convert it into energy like hydropower, which 
utilizes the force created by falling water to produce power [11], or wind power which produces 
electricity as a function of wind speed and variations [12]. However, one of the most promising 
renewable energy options is solar energy [13]. 
The mysteries of the sun have been a muse of poetical instance for many writers and 
philosophers alike who ponder at the omnipresent, massive sphere of flame that can incinerate 
meteors, or provide energy for the delicate life that lies on nearby planets. The sun emits 3.8 x 
1020 MW of energy, which can satisfy the world’s energy needs in one year with only thirty 
minutes of solar irradiation that reaches the Earth’s surface [13]. However, each renewable 
energy source, in spite of its abundant benefits, bears severe limitations that prevent 
policymakers, civilians, and industries from considering them as a viable option. Whether it be 
the unreliability of wind speed, or the natural diurnal cycle that sees solar cells lose their focal 
power source each night, the issue with renewable energy sources is not a problem of energy 
production rather a conundrum of energy storage.  
In recent years, chemists have seen an opportunity to solve this need for energy storage, by 
storing energy in chemical bonds. Fortunately, we are able to convert the harmful CO2 in our 
atmosphere into energy storage compounds like CO or formate [17]. However, CO2 reduction is 
kinetically slow. [20, 49]. Groups have found that using molecular catalysts to facilitate this CO2 
reduction allows us to selectively form CO. Through a two-electron transfer mechanism in the 
presence of acid to complete the catalytic cycle, molecular catalysts can complete the process of 
CO2 reduction. [18,19, 48] Herein, lies an ideal method for reducing the atmospheric 
concentration of CO2 while storing energy. Therefore, the search for and application of an 
efficient reductive catalysts is imperative in order to harness the energy storage capabilities of 
CO2 reduction. 
Identifying an appropriate catalyst to accomplish CO2 reduction has been nontrivial, and 
each metal complex has its own costs and benefits. One of the first catalysts that demonstrated the 
ability to reduce CO2 was a Re(bpy)(CO)3Cl complex, where bpy stands for bipyridine. This 
catalyst showed great promise in its catalytic activity, however chemists hesitated to adapt it at 
scale due to the limited ability of rhenium. Therefore, research efforts focused on finding a more 
earth abundant transition metal with similar properties to rhenium until scientists discovered that 
manganese is a competent metal in CO2 reduction catalysts. Although the first Mn(CO)3(bpy)X 
(X= Cl-, Br-) complexes were reported as early as 1959, they were not explored in the context of 
CO2 reduction, like their heavily researched rhenium counterparts, until almost 37 years later when 
Johnson et al.  found that Mn(CO)3(bpy)Cl was not catalytically active towards CO2 reduction 
[33,34,55]. Initially, these findings dampened the scientific communities hopes for using the more 
Earth abundant manganese as a substitute for rhenium in CO2 reduction catalysts. That is, until 
technical and scientific progress allowed Deronzier to conduct a study in 2011 that characterized 
the use of Mn(CO)3(bpy)Br as a potential CO2 reduction catalyst, using the 2,2-bipyridine and 
4,4′-dimethyl, 2,2′-bipyridine ligands [32]. In this study, Deronzier found that  catalysts could in 
fact reduce CO2 to produce CO in the presence of acid through the mechanism shown in scheme 































































iii. 2nd Reduction into 
Catalytically Active Species
 
Scheme One: Catalytic Cycle of Mn(CO)3(4,4′-dmbpy)Br Proposed by Deronzier 
 Deronzier proposed that reduction of the Mn(I) complex takes place by two irreversible, 
one electron reductions separated by 200-300mV. The first reduction at -1.56V versus saturated 
calomel electrode (SCE) is accompanied by halide loss, followed by immediate dimerization. 
Following the second reductive step at -1.8V versus SCE, the dimer breaks into two monomers 
with a vacant coordination site for CO2 to coordinate to the metal center. [32] The study showed 
that CO2 could be catalytically reduced to CO at a similar a lower overpotential than where it is 
usually reduced directly by glassy carbon electrodes at -2.2V vs SCE[34]. However, subsequent 
work showed that functionalization of the bpy ligand could alter the mechanistic pathway in which 
the catalyst reduces CO2. For example, by placing bulky mesityl groups on the bpy ligand in the 
6,6’ positions, the Kubiak group was able to sterically hinder and eliminate the formation of the 
dimer, thereby generating the active catalyst through one irreversible, two electron reduction [35]. 
In our work, described below, we find that like the mesityl substituted bpy ligand alters the 
mechanism in which the active catalyst is generated, the (5,5′-dmbpy) ligand  impacts the activity 
and likely the pathway of CO2 reduction in comparison to the other well-studied Mn(CO)3(bpy)Br 
complexes.   
1.3 Exploring Improvements to Catalytic Activity Through Electrode Modification                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
In recent years, there has been an increased focus on using molecular electrocatalysts to 
reduce CO2 (Figure 1), because they are highly tunable and can be readily optimized [10]. While 
in solution, millions of catalyst molecules may collide at any given point with freely diffusing 
CO2, however none of these collisions are productive towards reducing CO2 unless our catalyst 
is in an activated state at the source of electrons near the electrode surface. Therefore, much of 
our catalyst is rendered ineffective as it diffuses in a non-productive, inactivated state. These 
inefficiencies have motivated scientists to attach catalysts directly to the electrode surface, 
thereby increasing the c                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
oncentration of activated catalyst, improving catalyst recyclability, and advance our progress 
towards creating devices or instruments that can be used by industry for CO2 reduction. [23]  
We have identified the Mn(CO)3(bpy)Br complexes as model catalysts to explore the 
differences in CO2 reduction with surface anchored catalysts because it dimerizes in solution, a 
process we believe we can mitigate for the catalyst attached to the surface. To this end, we have 
chosen to use the novel Mn(CO)3(5,5′-dmbpy)Br complex that as of yet has not been extensively 
explored. This model catalyst will be allow us to explore the catalyst in a controlled environment 
in-situ before utilizing the analogous Mn(CO)3(5,5’-dmbrbpy)Br to observe catalysis on the 
surface. Therefore, in order to make well-informed comparisons of catalytic activity on the 
surface, it is imperative that we thoroughly characterize the electrochemical properties of 
Mn(CO)3(5,5-dmbpy)Br and elucidate the mechanism that it follows for CO2 reduction. We plan 
to correlate these findings with the heavily explored Mn(CO)3(4,4′-dmbpy)Br complex to 
understand how electronics may factor into the electron transfer and CO2 reduction mechanism.  
 
 
Current Methods and Limitations to Catalyst Attachment 
There are a variety of ways to immobilize catalyst to an electrode surface, each bearing 
their own benefits and flaws that limit the efficiency with which we can reduce CO2. We plan to 
attach our catalyst to the surface using a Grignard reaction that will be described in further detail 
in later sections. As we embark on a relatively novel attachment method, we seek to minimize 
external variables and create a stable, well- understood environment with which to perform 
catalysis so we can directly attribute CO2 reduction to catalytic activity. One of the primary 
components to reduction is the electrode that delivers an applied potential to the catalyst. Glassy 
carbon electrodes (GCEs) have been characterized in depth and are of common use in the 
electrochemical community, so provide a model electrode surface to use for the exploratory 
cyclic voltammetry experiments we performed [22,31].  
 A popular approach for surface modification is to attach the catalyst through adhesion to 
the surface by taking advantage of the 𝜋𝜋 − 𝜋𝜋 stacking between the aryl rings of the bipyridine 
ligand and carbon nanotubes. The large surface area and conductivity of GCE’s contribute to a 
facile attachment process with high faradaic efficiency. [22] However, the weak van der waals 
bonds of the adhesion cannot withstand the extremely negative reductive potentials required for 
CO2 reduction, and significant concentrations of catalyst ultimately fall from the surface and 
remain inactive in solution.  
 Beyond the physical flaws of adhesion, catalyst attachment via adsorption can lead to 
unpredictable and undesirable byproducts during the process of CO2 reduction. Depending on 
catalyst loading concentrations, dimers can form during the reductive process that can 
completely alter the mechanism of CO2 reduction. [22] 
Covalent Attachment of Catalyst 
The search for catalyst stability during the process of CO2 reduction has led groups to 
seek covalent attachment methods to provide a stronger bond between the catalyst and the 
surface. An opportunity for this form of attachment has been provided by the copper-catalyzed 
azide-alkyne cycloaddition reaction known as “Click Chemistry” or CuAAC coupling [22,24]. 
However, despite the simplicity of the reaction and the efficiency of its result, Click chemistry is 
limited by the stereospecificity of the reaction. If the azide is not terminal, the reaction will not 
occur despite elevated temperatures or extended reaction times. [25]  
These limitations have led to the development of a novel surface modification method by 
the Dempsey and Lockett groups that utilizes the concepts of the classical, organic Grignard 
reaction to covalently attach the catalyst to the carbon electrode surface [43]. In this reaction, our 
catalyst can be covalently bound to a glassy carbon surface that has been hydrogenated and 
subsequently chlorinated. By mixing Mg tunings activated with I2 with our alkyl bromide 
containing catalyst, we form a Grignard reagent that can then react with the surface to form a 
covalent bond. [42]. This method will form a strong, covalent bond between the catalyst and the 
surface that is not limited by the specificity concerns of the Click reaction.  
 
1.4 Scope of Work 
As we take a holistic view at the prior studies of CO2 reduction using Mn(CO)3(bpy)Br 
catalysts, we have identified several gaps in the knowledge of the scientific community. It is 
imperative that we address these gaps in order to successfully implement findings over the past 
few decades in the development energy storage devices. Our group has chosen to look 
intensively at the ability of Mn(CO)3(bpy)Br (substituted by 4,4′-2,2′ dimethyl bipyridine [4,4′-
dmbpy] or 5,5′-dimethyl-2,2’ bipyridine [5,5′-dmbpy]) in reducing CO2 when covalently 
attached to a glassy carbon surface in the presence of acid. We believe, as mentioned previously, 
that this catalyst should allow us to catalytically reduce CO2 in the presence of acid. 
Simultaneously, covalently attaching the catalyst to the electrode surface by the Grignard 
reaction will maximize the potential of our catalyst to reduce CO2. To this end, we have 
brominated two bipyridine ligands that will be precursors to the Grignard reagent needed for 
surface attachment. 
 However, before we can begin placing our catalyst on the surface and gaining insight into 
the changes or improvements afforded by surface bound catalysis, we must have an extensive 
understanding of how the catalyst behaves during CO2 reduction under highly controlled, ideal 
conditions in-situ. To this end, we have synthesized two manganese metal catalysts, 
Mn(CO)3(4,4′-dmbpy)Br and Mn(CO)3(5,5′-dmbpy)Br to explore how differences in sterics and 
electronics in facilitating electron transfer in the catalyst. From these complexes, we have 
developed an in-depth electrochemical characterization of the manganese complex substituted by 
the 5,5′-dimethyl-2,2’-bipyridine ligand. To the best of our knowledge, this is the first reporting 
of the synthesis, structure, and reductive properties of Mn(CO)3(5,5′-dmbpy)Br. These studies 











Chapter 2. Synthesis of Manganese CO2 Reduction Catalyst 
2.1 Introduction 
 We brominated 4,4′-dimethyl-2,2’-bipyridine (4,4′-dmbpy) and 5,5′-dimethyl-2,2′-
bipyridine (5,5′-dmbpy) by adapting two previously reported synthetics schemes to gain an 
understanding of the role electronics play in our catalytic mechanism [26,27]. These brominated 
analogs, 4,4′-bis(bromomethyl)-2,2′-bipyridine (4,4′-dmbrbpy) and 5,5′-bis(bromomethyl)-2,2′-
bipyridine (5,5′-dmbrbpy) are precursors to the Grignard reagent we will react with the 
chlorinated surface, while we will utilize the dimethyl starting material to make observations in 
solution. With all four ligands in hand, we metalated each of them with manganese 
pentacarbonyl bromide by adapting a previously reported synthetic scheme [28].  
 
NBr N Br
5,5'-bis(bromomethyl)-2,2'-bipyridine                   (5,5'-dmbrbpy)
N N
N N N N
5,5'-dimethyl-2,2'-bipyridine           (5,5'-dmbpy)
Br Br
4,4'-bis(bromomethyl)-2,2'-bipyridine                (4,4'-dmbrbpy) 4,4'-dimethyl-2,2'-bipyridine          (4,4'-dmbpy)
 
Figure 2: Synthesized Bipyridine Ligands 
 
General Considerations: 
All reagents were purchased from commercial suppliers (Sigma Aldrich, Millipore 
Sigma, Combi Blocks, Alfa Aesar) and used without further purification. All syntheses were 
performed under a nitrogen environment in glovebox or fume hood under standard Schlenk 
conditions while wearing proper PPE and adhering to EPA waste disposal guidelines. At all 





Synthesis of 4,4′-dimethyl, dibromo-2,2′-bipyridine 
 




Scheme 2: Oxidation of 4,4′-dimethyl-2,2′-bipyridine into 4,4′-dicarboxylic acid-2,2′-
bipyridine 
To a three-neck flask 4,4′-dimethyl- 2,2′-bipyridine (1.9993g; 10.85mmol; 1eq.) was 
stirred in 31mL of concentrated sulfuric a4cid. The bipyridine compound was oxidized by the 
slow addition of potassium chromate (9.15g;31mmol; 2.86eq.) over a 30 min. period under 
reflux at 70- 80°C for two hours. The solution immediately turned from clear to green then grew 
darker with addition of more chromate. The reaction mixture was poured over ice water, at 
which point the product precipitated as a light green solid, which was isolated by vacuum 
filtration. The solid was washed in water, collected and refluxed in 60mL 3M nitric acid for two 
hours at 80°C. During the reflux, the solution transitioned from a green to a dark brown color. 
The cooled reaction mixture was poured over ice water. A white precipitate was isolated by 
vacuum filtration and washed with water. The resultant white product (2.8998g(wet)) was 
characterized by 1H NMR spectroscopy: 1H NMR (600MHz, DMSO-d6,25°C):  δ 7.93 (d, 2H, J= 
6.3Hz, Ar-H), 8.85 (s, 2H, Ar-H), 8.93 (d, 2H, J=5.1Hz, Ar-H), which is consistent with the 

















Figure 3: 1H NMR 4,4′-dicarboxylic acid-2,2′ bipyridine. NMR was taken in DMSO with a 








Scheme 3: Esterification of 4,4′-dicarboxylic acid-2,2′-bipyridine 
To a three-neck flask, thionyl chloride (19.32mL; 266 mmol; 22.3eq.) was added 
dropwise to a mixture of 4,4′-dicarboxylic acid-2,2′ bipyridine (2.8998grams; 11.91mmol; 
1.0eq.) and 193mL methanol. The mixture was refluxed for twenty hours at 65°C and quenched 
with a saturated aqueous solution of sodium hydrogen carbonate that crashed out a white solid 
with pink tint. This color formation was not reported in the adapted prep but could be removed 
by the addition of strong acids, as suggested by Prakasan et al. [26] Despite the unreported color 
formation, no proton containing impurities appeared in the 1H NMR spectroscopy.  
The reaction mixture was extracted with chloroform (12x50mL) and the organic layers 
were combined and dried over magnesium sulfate overnight. The dried organic layers were 
evaporated to complete dryness under vacuum and recrystallized to yield a white product with a 
pink tint (1.6991g; 38%). The resultant white product was characterized by 1H NMR 
spectroscopy: 1H NMR (600MHz, CDCl3 25°C): δ4.00 (s, 6H, Ar-OCH3), 7.91 (d, 2H, J=6.0Hz, 










Figure 4: 1H NMR 4,4′-dimethylester-2,2′-bipyridine. NMR was taken in CDCl3 with a 











Scheme 4: Reduction of 4,4′-dimethylester-2,2′-bipyridine 
To a three-neck flask, sodium borohydride (4.9795g;131.63mmol; 21eq.) was added to a 
suspension of 4,4′-dimethylester-2,2′-bipyridine (1.6983g;6.26mmol;1.0eq.) in 123mL absolute 
ethanol. The solution was placed under reflux for three hours at 75°C and then cooled to room 
temperature. Excess sodium borohydride was removed by the addition of a saturated aqueous 
solution of ammonium chloride taking care not to neutralize the alcohol. Upon addition of the 
ammonium chloride, the pink tint returned to the solution and remained for the rest of the 
synthesis. The remaining ethanol solvent was removed under vacuum and the remaining solid 
was dissolved in a minimal amount of water. The resulting solution was extracted with ethyl 
acetate (13 x 50mL), and the organic layers were collected and dried overnight in magnesium 
sulfate. The remaining solvent was removed under vacuum to produce a white product (.9g; 
33%) and characterized by 1H NMR spectroscopy: 1H NMR (600MHz, DMSO-D6, 25°C): δ 4.63 
(d, 4H, J=6.0Hz, Ar-CH3), 5.52 (d, 2H, J=6.0Hz, Ar-CH2OH), 7.36 (d, 2H, J=6.0Hz, Ar-H), 8.39 











Figure 5: 1H NMR 4,4′-bis(hydroxymethyl)-2,2′-bipyridine. NMR was taken in DMSO 
with a 600MHz instrument. The peak at δ2.5 indicated by ‘*’ reflects the solvent peak. The 
spectra indicates that the compound still contained trace amounts of the solvent used for reflux 










Scheme 5: Bromination of 4,4′-bis(hydroxymethyl)-2,2′ bipyridine 
To a three-neck flask 4,4′-bis(hydroxymethyl)-2,2′bipyridine (1.00g;4.20mmol) was 
dissolved in 7.5mL of HBr (48% in H2O and 2.5mL H2SO4(aq)) and refluxed for six hours. The 
mixture was allowed to cool to room temperature, and 25mL of water was added. The mixture 
was adjusted to a neutral pH with a saturated solution of NaOH (aq), taking care not to pass 
neutral which immediately reintroduces a light pink tint to the solution indicating that the 
product has been reversed back to its bis(hydroxymethyl) precursor. Once at neutral, the 
resulting precipitate was filtered, washed with water (pH 7), and air dried. The resulting product 
(0.72grams; 50%) was dissolved in 40mL DCM and filtered. The solution was dried over 
magnesium sulfate overnight and brought to dryness under vacuum. The product was pure by 1H 
NMR analysis: 1H NMR (600MHz, DCMd, 25°C) 4.50 (s, 4H, Ar-CH2) 7.36 (d, 2H, J=6.0Hz, 












Figure 6: 1H NMR 4,4′-bis(bromomethyl)-2,2′-bipyridine. NMR was taken in DCMd with a 
600MHz instrument. The peak at 5.32 reflects the solvent peak. All peaks are labeled as 
according (a,b,c,d) according to scheme 4. There appears to be the presence of acetone as 
indicated by the peak at 1.5ppm. 
 








Scheme 4: Bromination of 5,5′-dimethyl-2,2′-bipryridine 
To a solution of 5,5′-dimethyl-2,2′bipyridine (0.3341g;1.81mmol) in 12mL of 
difluorobenzene (DFB), N-bromosuccinimide (NBS) (0.7166g; 4.04mmol) and AIBN 
(.0645g;.39mmol) was added. The reaction was refluxed over two nights at 80°C to yield an 
orange solution. The reaction was cooled then quenched by addition of saturated NaCO3 solution 
on ice bath. The solution was filtered and extracted with DCM (3x50mL) and dried over 
magnesium sulfate. The solvent removed under vacuum to afford a white product. 1H NMR 

















Figure 7: 1H NMR 5,5′-bis(bromomethyl)-2,2′-bipyridine. NMR was taken in DCMd with a 
600MHz instrument. The peak at 5.32 reflects the solvent peak. All peaks are labeled as 
according (a,b,c,d) according to scheme 4. The NMR showed some presence of starting material 
but was largely pure as the 5,5-dm2bpy-Br species. 






















Scheme 5: Metalation of 4,4′-dimethyl-2,2′-bipyridine with Mn(CO)5Br 
To a three-neck flask, 4,4′-dimethyl-2,2′-bipyridine (0.0993g; .5390mmol) was stirred in 
10 mL diethyl ether. Mn(CO)5Br (0.1136g; .4132mmol) was added to flask followed by 10mL 
ether more. The solution was refluxed at 35°C for 30 min., cooled to room temperature, then 
placed on a dry ice and acetone mix (-78°C). The chilled solution was filtered and washed with 
2x30mL chilled diethyl ether to yield a bright orange product (.3602g; 66%) that is reported to 
be sensitive to light while in solution [29]. 1H NMR (600MHz, 25°C, CD2Cl2) δ3.42 (s, 6H, Ar-
CH3), 7.36 (d,2H, J=6.0Hz, Ar-CH2), 7.96 (d, 2H, J=6.0Hz,Ar-CH2), 9.04(s, 2H, Ar-CH2); 13C 












Figure 8: 1H NMR Mn(CO)3(bpy)Br. The bpy ligand used is the 4,4′-dimethyl-bipyridine. 






Figure 9: 13C NMR Mn(CO)3(4,4′-dm2bpy)Br. The six carbon peaks corresponding to the 4,4′-
dm2bpy ligand are shown above. As reported in literature, the peaks corresponding to the 
carbonyl ligands of the catalyst are not observable during 13C NMR [30]. 
 






















Scheme 6: Metalation of 5,5′-dimethyl-2,2′-bipyridine 
To a three-neck flask, 5,5′-dimethyl-2,2′-bipyridine (.4263g; 2.31mmol) was stirred in 15 
mL diethyl ether. Mn(CO)5Br (.536g; 1.95mmol) was added to flask followed by 15mL ether 
more. The solution was refluxed at 35°C for 30 min., cooled to room temperature, then placed on 
a dry ice and acetone mix (-78°C). The chilled solution was filtered and washed with 2x30mL 
chilled diethyl ether to yield a bright orange product (.9g, 96%) that is reported to be sensitive to 
light while in solution [29]. The product had the following chemical composition: 1H NMR 
(600MHz, 25°C, DCM) δ2.55 (s, 6H, Ar-CH3), 7.35 (d,2H, J=6.0Hz, Ar-CH2), 7.96 (d, 2H, 









Figure 8: 1H NMR Mn(CO)3(BPY)Br. The bpy ligand used is the 5,5′-dimethyl-bipyridine. The 












Figure 9: 13C NMR Mn(CO)3(4,4′-dm2bpy)Br. The six carbon peaks corresponding to the 4,4′-
dm2bpy ligand are shown above. As reported in literature, the peaks corresponding to the 
carbonyl ligands of the catalyst are not observable during 13C NMR [30]. 
 
 
2.3 Discussion and Observations 
It was evident that 5,5-dmbpy was far more receptive to bromination as evidenced by the 
success seen during the one-step bromination through NBS in comparison to the step-wise 
bromination utilized for the 4,4′-dmbpy analog (6.27% yield) that lost a significant yield at each 
step. Differences in propensity for metalation were also observed, with a higher yield for 
metalation of the 5,5′-dmpby ligand (96% yield) than the 4,4′-dmbpy ligand (66% yield). We 
believe these differences are likely due to the slightly electron withdrawing nature of the meta 
position for 5,5′-dmbpy. Our Mn(I) complex is a 18 electron species electrons that can push 
electrons onto the 5,5′-dmbpy similar to a meta director. I propose that synthetic differences 
could be attributed to the 5,5-dmbpy ligand’s being a better pi acceptor. 
Along with differences in their synthetic efficacy, there seemed to be distinct differences 
in the stability of the complexes over time. These complexes have been reported to be light and 
heat sensitive especially while in solution, so it was not surprising to see product decomposition 
over time [29]. However, the Mn(CO)3(4,4′-dm2bpy)Br complex was completely decomposed 
approximately five months after synthesis, yielding unrecognizable data and an NMR populated 
with starting material, while the Mn(CO)3(5,5′-dm2bpy)Br complex maintained purity more than 














Chapter 3. Homogeneous In-Situ Catalyst Characterizations with Glassy Carbon 
Electrodes 
3.1 Introduction 
 After synthesizing the manganese catalysts, we turned our attention to assessing their 
electrochemical and redox properties in CO2 reduction. We will use these data to make 
hypotheses as to the respective mechanism of each catalyst in comparison to that reported for 
related complexes in literature like the work done by Kubiak and Deronzier discussed in chapter 
one. Electrochemical behavior is observed by utilizing cyclic voltammetry under N2 to scan 
towards reductive potentials that promote electron transfer. Performing these same scans in 
catalytic conditions, which for our catalyst means under CO2 with a titrated Bronsted acid, 
allows us to tease out the homogeneous catalytic activity of our catalysts. Generally, cyclic 
voltammetry experiments are performed in a 3-electrode cell with a glassy carbon working 
electrode, an Ag+/Ag pseudo reference, and a glassy carbon counter electrode in 0.25 M 
tetrabutylammonium hexafluorophosphate electrolyte. In each scan, we are able to control 
variables such as scan rate, potential range, and catalyst concentration to interrogate the activity 
of our Mn(CO)3(bpy)Br catalyst and potentially elucidate its mechanism of CO2 reduction.  
Interestingly, although voltammetry experiments are generally run using CH3CN, several 
groups have shown that acetonitrile can act as a coordinating solvent that takes up the empty 
coordination spot after the halide leaves thereby diminishing the amount of CO2 that can 
coordinate and be reduced [32]. In this manner, acetonitrile acts as a competitive inhibitor to CO2 
which should be overcome by increasing the concentration of CO2 used, however we are limited 
by the solubility of CO2 in our solvent.  Along with these findings, faradaic efficiency with 
added acid is shown to be significantly reduced in CH3CN due to competitive direct proton 
reduction to form H2 [37]. Another challenge to consider is the reduction range of the solvent 
itself. The unique reductive anomalies caused by CH3CN as a coordinating solvent led us to 
perform experiments in both CH3CN and DMF, a non-coordinating solvent. Thereby, we can 
further differentiate aspects of the catalytic mechanism that are unique to the properties of the 
solvent. As noted, CO2 reduction typically occurs at extremely negative overpotentials. 
However, CH3CN as an electrolyte solution will show signs of reduction at < -2.2V vs Fc+/0 and 
at potentials <1.95V vs Fc+/0 for DMF [37,39].  To this end, we explored differences in catalytic 
activity and CO2 reduction mechanism in both CH3CN and DMF to gain a complete 
understanding of the variables that may come into play when observing CO2 reduction using the 
Mn(CO)3(5.5’-dmbpy)Br complex. 
3.2 Methods and Results 
 3.2.1 General Considerations of Electrochemical Methods 
All electrochemical measurements were performed in a scintillation vial sparged with 
nitrogen or carbon dioxide for five minutes between measurements. Measurements were 
performed using a standard three-electrode configuration with a glassy carbon working electrode 
(CH Instruments, 3 mm diameter), platinum wire counter electrode, and silver wire 
pseudoreference electrode immersed in glass tubes filled with 0.25 M [NBu4][PF6] acetonitrile 
or 0.25M [NBu4][PF6] DMF accordingly and isolated from the main cell compartment via a 
porous Vycor frit. Glassy carbon working electrodes were polished using a Milli-Q water slurry 
of 0.05 µm polishing powder (CH Instruments, no agglomerating agents), rinsed and sonicated in 
Milli-Q water, and rinsed with acetone. Working electrodes were electrochemically pretreated 
with three cyclic scans between 1.0 V to -2.5 V vs Fc+/0 couple (approximately) at 0.2 V s-1 in 
0.25 M [NBu4][PF6] acetonitrile or DMF solution. The voltage of all voltammograms was 
normalized to the E1/2 of Ferrocene to place the E1/2 of Ferrocene at 0.0V. The current for each 
voltammogram was normalized to the square root of the scan rate according to the Randles-
Sevcik equation [40]. 
 
3.2.2 Voltammograms under an N2 Environment 











Fig 10. Cyclic Voltammograms of Mn(CO)3(4,4′-dmbpy)Br in CH3CN recorded at various scan 
rates. Cyclic voltammograms of 1mM Mn(CO)3(4,4′-dmbpy)Br in CH3CN. Scans were taken at 
50mV/s (red trace), 100mV/s (orange trace), 500mV/s (yellow trace), 1000mV/s (green trace), 
and 2000mV/s (blue trace).  Under N2 at 50mV/s-1 one irreversible reduction is observed at -
1.66V vs Fc+/0 and a second irreversible reduction is observed at -1.96V vs Fc+/0. With 
increasing scan rate, the first reduction shifts to more negative potentials while the second 
reduction current is diminished at scan rates beyond 100mV/s. At scan rates faster than 100mV/s, 













Fig 11.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
Cyclic voltammograms of 4.12mM Mn(CO)3(5,5′-dmbpy)Br in CH3CN under N2 environment . 
Scans were taken at 50mV/s (red trace), 100mV/s (orange trace), 500mV/s (yellow trace), 
1000mV/s (green trace), and 2000mV/s (violet trace). Under N2 at 50mV/s, two irreversible 
reductions are observed at -1.75V and -1.98V vs Fc+/0. With increasing scan rate, both reductions 
shift to more negative potentials, and the first reduction current is diminished.  Reductive peaks 
appeared at -1.75V and -1.98V. No oxidative feature formed at any scan rate while scanning 

















Fig 12. Cyclic Voltammograms of Mn(CO)3(5,5′-dmbpy)Br in DMF at Various Scan Rates. 
Cyclic voltammograms of 4.90 mM Mn(CO)3(5,5′-dmbpy)Br in DMF. Scans were taken at 
50mV/s (red trace), 100mV/s (orange trace), 500mV/s (yellow trace), 1000mV/s (green trace), 
and 2000mV/s (violet trace). Under N2 environment at 50mV/s, two irreversible reductions are 
observed at -1.72V and -1.96V vs Fc+/0. With increasing scan rate, reduction peaks shifted to 
more negative potentials, but not as significantly as observed in CH3CN solvent. Also, current 
passed during the first reduction peak did not decrease with increasing scan rate as observed in 
CH3CN. No oxidative feature formed at any scan rate while scanning towards more positive 
potentials.  
 
3.2.3. Voltammograms under CO2 Environment 
  We found that voltammograms taken in CO2 did not largely vary from those recorded 
under N2 environment at various scan rates. 
. Therefore we performed only one scan at a prechosen scan rate (100 mV/s) to examine the 












Fig 13. Cyclic Voltammogram of Mn(CO)3(5,5′-dmbpy)Br in DMF. Cyclic voltammogram of 
4.9mM Mn(CO)3(5,5′-dmbpy)Br recorded in DMF under CO2 environment at 100mV/s. Under 
CO2 environment at 100mV/s, two irreversible reductions were observed at -1.77V (ip= 6.2uA) 











Fig 14. Cyclic Voltammogram of Mn(CO)3(5,5′-dmbpy)Br in CH3CN. Cyclic voltammogram of 
3.84 mM Mn(CO)3(5,5′-dmbpy)Br in DMF under CO2 environment at 100mV/s. Under CO2 
environment at 100mV/s, two irreversible reductions were observed at -1.69V (ip= 6.6uA) and -
1.96V (ip=7.8uA) vs Fc+/0.  
 
3.2.4 Voltammograms in CO2 and Acid 
 As reported by Deronzier [32] and further confirmed by Kubiak [21], the catalytic cycle 
of CO2 reduction is fully completed with the addition of a Bronsted acid that can donate a proton 
to the [Mn(CO)3(5,5-dmbpy)(COO)]- complex and form CO by subsequent dehydrogenation 
(scheme 1). The reaction becomes 1st order in CO2 and second order in our protic species [21]. 
To that end we titrated varying concentrations of phenol into our electrochemical cell to provide 










Fig 15. Cyclic Voltammograms of Mn(CO)3(5,5′-dmbpy)Br in DMF and Varying Concentrations 
of Acid. Cyclic voltammograms of 2.01mM of Mn(CO)3(5,5′-dmbpy)Br in DMF recorded under 
CO2 environment at 100mV/s at different concentrations of phenol [1 M (red trace), 1.5M 
(yellow trace), 2M (green trace), 2.5M (blue trace)]. The first reductive feature appeared at -1.77 
V and the second reductive feature appeared at -2.16V vs Fc+/0, accompanied by a sharp increase 
in current that is characteristic of the initiation of catalysis. Current passed during this acid 
dependent second step increased proportionally with acid concentration until plateauing after 2M 











Fig 16. Cyclic Voltammograms of Mn(CO)3(5,5′-dmbpy)Br in CH3CN and Varying 
Concentrations of Acid. Cyclic voltammograms of 3.84mM Mn(CO)3(5,5′-dmbpy)Br in CH3CN 
under CO2 environment at 100mV/s at varying concentrations of phenol [1M (red trace), 1.5M 
(orange trace), 2M (yellow trace), 2.5M (green trace)]. The first reductive feature appeared at -
1.69V and the second reductive feature appeared at -2.21 V, accompanied by a sharp increase in 
current characteristic of the initiation of catalysis. The amount of current passed at the second 
reductive step increased when transitioning from 1M to 1.5M phenol but plateaued after 1.5M 
acid.  In general, more current passed during the second reductive step in CH3CN (2.34mA) than 




Figure 17. Peak Current Versus Concentration of Phenol in DMF and CH3CN under CO2 
Environment. Peak current of the Mn(CO)3(5,5-dmbpy)Br complex with the addition of Phenol 
under a CO2 environment. Current passed in DMF (red trace) was magnitudes lower than current 
passed in CH3CN (blue trace), however current scaled proportionally with concentration of 
phenol added. The y-axis was scaled to logarithmic values to account for the magnitude 
difference in current passed in both solvents. 
 
 










Fig 18. Overlay of Mn(CO)3(5,5′-dmbpy)Br Voltammograms in DMF and CH3CN at 2000 mV/s 
under N2 Environment. Overlaid voltammograms of 4.12mM and 4.99mM respectively, 
Mn(CO)3(5,5′-dmbpy)Br in DMF (blue trace) and CH3CN (red trace). This overlay highlights the 
voltametric differences in catalysis based on solvent. 
Fig 19. Overlay of Mn(CO)3(4,4′-dmbpy)Br and Mn(CO)3(5,5′-dmbpy)Br in CH3CN and N2. 
Cyclic voltammograms of 1mM Mn(CO)3(4,4′-dmbpy)Br and 4.12mM Mn(CO)3(5,5′-dmbpy)Br 
in CH3CN under an N2 environment at 100mV/s. This overlay highlights the differences between 












Fig. 20. Overlay of Mn(CO)3(5,5′-dmbpy)Br under N2 or CO2 Environment in CH3CN. Cyclic 
voltammograms of 1mM Mn(CO)3(5,5′-dmbpy)Br in CH3CN under N2 or CO2 environment at 
100mV/s. This overlay demonstrates that reduction peaks were not altered in either gaseous 




3.3 Results and Discussion 
 3.3.1 Solvent Dependence During Catalysis: Acetonitrile vs DMF 
 Catalytic activity of the Mn(CO)3(5,5′-dmbpy)Br complex was characterized in 
acetonitrile and DMF to provide an understanding of how the reduction mechanism is altered in 
a coordinating and non-coordinating solvent respectively. Cyclic voltammograms in both 
solvents displayed similarities and differences whose uniqueness warrants further exploration 
and explanation that may aid us in our task to elucidate the mechanism of the catalyst. 
Specifically, we seek to explain why we observed: 1. Significant peak shifting to more negative 
potential in CH3CN at faster scan rates; 2. A decrease in the first reductive peak in CH3CN and a 
decrease in the second reductive peak in DMF at faster scan rates; 3. Differences in the plateau 
current upon the addition of increasing concentrations of a Bronsted acid when recording 
voltammograms under CO2. 
 To aid in figure reference in this discussion, all figures have been reproduced in the 
sections relevant to the data they present.  
 Observation 1: Significant Peak Shifting to Negative Potentials with Faster Scan 





























Fig 11. Cyclic Voltammograms of Mn(CO)3(5,5′-dmbpy)Br in CH3CN Recorded at Various Scan 
Rates. 
We made qualitative observations of the kinetics of the system by performing 
voltammograms at increasing scan rates. As seen in figures 10 and 11, at faster scan rates for 
both complexes [Mn(CO)3(4,4-dmbpy)Br and Mn(CO)3(5,5’-dmbpy)Br] in CH3CN, the 
reductive peaks shifted to more negative potentials (look specifically at the red and blue traces 
indicating 50mV/s and 2000mV/s respectively). Shifting of the E1/2 with scan rate is commonly 
observed when a chemical step follows the electron transfer step. The chemical step that perturbs 
the Nernstian equilibrium is described by the Nernst equation (equation 1) below, where E0 is the 
standard potential of a cell, R is the gas constant in units of (J-mol-K-1), T is in Kelvins, n is the 
moles of electrons passed, F is Faraday’s constant, and [ox], [red] is the concentration of the 
oxidized and reduced species respectively [45]. 




















Fig 12. Cyclic Voltammograms of Mn(CO)3(5,5′-dmbpy)Br in DMF at Various Scan Rates. 
In the catalytic mechanism proposed by Deronzier (scheme 1) [32], the assumed 
chemical steps are the loss of Bromide to form a radical manganese complex, then the reaction of 
two manganese radicals to form a stable 18 electron dimer. We assume that at slower scan rates, 
the complex has more time to combine in the correct orientation to form the dimer which would 
decrease the concentration of reduced species in solution and shift the peaks towards positive 
potentials. It is undeniable that the peak shifting observed for the reduction in CH3CN is more 
significant than that observed in DMF for Mn(CO)3(5,5’-dmbpy)Br (compare figure 11 to figure 
12). We attribute this difference to the coordinating properties of CH3CN, that presents itself as a 
competitive inhibitor towards dimerization that would decrease the amount of dimerization seen 
at faster scan rates, thereby increasing the concentration of reduced species.                                                                                                                                                                                                                                                                                                                                                                                                                                                                     
Along with this, we hypothesize time scale differences between the two chemical steps 
could be attributed to diffusivity of the complexes in either solvent. The complex’s ability to 
move through solution is a dominating factor in how quickly it can reach the electrode surface 
and undergo reduction, or subsequently reconfigure itself in a position to allow for dimerization. 
We plan to test this finding by measuring the diffusion coefficient of the complex as explained in 
the Randles-Sevcik equation (equation 2) below. In this equation: ip is the peak current, A (cm2) 
is the electrode surface area, n is the moles of electrons transferred, D0 (cm2-s-1) is the diffusion 
coefficient of the oxidized analyte, and C0 (mol-cm-3) is the bulk concentration of the analyte 
[45]. Interestingly, as we progress towards surface anchoring of the catalyst,  the issues attributed 
to diffusivity become a non-factor since the catalyst is already present at the active site of 
reduction [43]. 




Observation 2: Decreased Current in First Reduction Peak at Faster Scan Rates in 























Fig 12. Cyclic Voltammograms of Mn(CO)3(5,5′-dmbpy)Br in DMF at Various Scan Rates. 
As observed in figure 11, at faster scan rates, the first reduction peak for Mn(CO)3(5,5′-
dmbpy)Br in CH3CN decreases proportionally until becoming nearly non-existent at scans taken 
at 2000mV/s-1 (fig. 11: blue trace). This observation is distinct from those for the Mn(CO)3(4,4′-
dmbpy)Br complex introduced above. We propose that this observation implies a mechanistic 
change where the chemical step of halide loss precedes the first reduction of the complex by 
electron transfer, commonly referred to as a CE mechanism. Dimerization would then likely 
follow reduction (to formally be a CEC mechanism), and the second reduction is accompanied 
by breaking the metal-metal bond of the dimer. At slower scan rates, the halide is able to 
completely dissociate before the electron transfer step. 
The current passed in the second step does not decrease with scan rate, which implies that 
dimer formation is not inhibited through faster scan rate and suggests dimerization is fast.  
  
Fig 18. Overlay of Mn(CO)3(5,5′-dmbpy)Br Voltammograms in DMF and CH3CN at 2000mV/s 
under N2 Environment. 
Our hypothesis is further supported by the scans taken in DMF (figure 12), where the 
current passed in the first peak was unperturbed at faster scan rates, however the second 
reductive peak current decreased slightly at faster scan rates. In DMF, we hypothesize the EC 
mechanism reported for the Mn(CO)3(4,4′-dmbpy)Br analogue  is operative. In this mechanism 
(Scheme 1), the electron transfer precedes the chemical steps of halide loss and dimer formation. 
Kubiak and Deronzier propose that the second reductive peak is the reduction of the dimer 
[32,35]. Therefore, diminishing current in the second reductive peak indicates that less dimer is 
formed with increasing scan rate. This suggests dimerization is slow for the Mn(CO)3(5,5’-
dmbpy)Br complex.  In figure 12, we see diminishing of the second reductive peak in DMF, 
however to a lesser extent than the decreased peak current observed for the complex in CH3CN.  
The differences in voltametric responses for Mn(CO)3(5,5’-dmbpy)Br in DMF vs. 
CH3CN solvent are highlighted in figure 18 at 100mV/s.  
In summary, these collective observations suggest that in CH3CN the first reductive step 
of Mn(CO)3(5,5-dmbpy)Br follows a CE mechanism. Whereas, in DMF, the first reductive step 












































































Scheme 7: Proposed Catalytic Mechanism of Mn(CO)3(5,5′-dmbpy)Br in CH3CN 
 












Fig 15. Cyclic Voltammograms of Mn(CO)3(5,5′-dmbpy)Br in DMF and Varying 











Fig 16. Cyclic Voltammograms of Mn(CO)3(5,5′-dmbpy)Br in CH3CN and Varying 
Concentrations of Acid. 
 
Figure 17. Peak Current Versus Concentration of Phenol in DMF and CH3CN under CO2 
Environment. 
As reported by Deronzier and Kubiak [22,32], the catalytic cycle for CO2 reduction with 
manganese catalysts is completed by the addition of Bronsted acids (scheme one). We observed 
a proportional increase in peak current with the addition of acid in both solvents, however in 
DMF, this increase of current plateaued after the addition of 2M phenol, whereas in CH3CN, 
current plateaued after the addition of 1.5M phenol (figures 15,16,17). We believe the plateau of 
peak current seen at a certain concentration of added acid is caused by an oversaturation of acid 
wherein our catalytic cycle is no longer limited by the rate of protonation, but rather some other 
step in the cycle. we have added more acid than there is catalyst to be protonated. The 
differences observed between CH3CN and DMF in reaching their plateau can likely be attributed 
in part to diffusivity and solubility differences for the catalyst and CO2 in solution, where the 
Henry’s constant of CO2 in CH3CN is 60.7 (mol-L-atm-1) and 65.3 (mol-L-atm-1) in DMF [44]. 
These solubility differences can alter how much CO2 is able to coordinate to the catalyst from the 
gaseous phase and subsequently progress catalysis upon the addition of phenol. 
Beyond the plateau in peak current observed for complexes in both solvents, we observed 
differences in the peak current itself. Catalysis in CH3CN passed significantly more current 
(216uA at 2M phenol; figure 16) than in DMF (18.5 uA at 2M phenol; figure 15). We contribute 
this difference in catalytic activity to differences in concentration of the analyte, where in DMF 
we used 2.01mM of catalyst, and in CH3CN we used 3.84mM of catalyst. According to the 
Randles-Sevcik equation, current is directly proportional to catalyst concentration, which 
suggests that these differences can be explained in part by the two-fold differential in catalyst 
concentration. Of course, given the ten-fold difference between catalytic peak current in DMF 
and CH3CN, we believe there are more factors than concentration that play into the differences 
seen in catalytic activity in CH3CN and DMF.  
3.3.2 Predictions of Catalytic Cycle of Mn(CO)3(5,5′-dmbpy)Br in CO2 Reduction 
A gestalt view of the data leads us to propose a catalytic mechanism in both solvents 
wherein CO2 reduction with the (5,5′-dmbpy)Br complex occurs by two irreversible, one- 
electron transfers wherein the chemical steps of halide loss and dimerization occur similar to that 
proposed by Deronzier [32], but differ in whether they occur before or after reduction depending 
on the solvent used. Wherein, reduction in CH3CN follows a CEC mechanism for the first 
reductive step (ie. Loss of halide before reduction and immediate dimerization), and a final 
electron transfer. Similarly, in a non-coordinating solvent like DMF, the first reduction occurs in 
a ECC mechanism where electron transfer occurs, then the complex loses a halide and 


































































Scheme 8: Proposed Catalytic Mechanism of Mn(CO)3(5,5′-dmbpy)Br in DMF 
In the scheme shown above, we propose that CO2 reduction occurs in a similar manner to 
that described by Deronzier and Kubiak depicted in scheme one. However, the differences 
appear in the timing of the cycle, in that scheme 8 depicts what is referred to as a CEC process 
for the first reductive step wherein the chemical step of halide loss precedes reduction and then is 
immediately followed by dimerization. The second reductive step breaks the Mn-Mn bond of the 
dimer.  
3.3 Conclusion 
 With these data in hand and the qualitative observations that follow, we are able to make 
broad conjectures as to the potential mechanism of the Mn(CO)3(5,5′-dmbpy)Br complex. 
However, a few key experiments will allow us to peer into the inner workings of the catalytic 
cycle. Chiefly among them, we plan to perform the same electrochemical experiments in DMF 
and CH3CN using IR- spectroelectrochemistry. This should allow us to observe changes in CO 
stretching frequency that might indicate the loss of CO ligand and identify intermediates formed 
during the reductive process.  
4. To the Surface and Beyond! 
 As we revisit the overarching motivations to this work that were outlined in chapter one, 
this analysis would be incomplete without describing the mechanisms with which we will 
translate these homogeneous findings in-situ towards reducing CO2 on an electrode surface. This 
we see as an imperative, intermediate step towards the creation of devices or applications that 
can reduce atmospheric CO2 in the context of fuel storage. 
 4.1 Strategy to Attach Catalyst to Glassy Carbon Surface 
 Armed with the manganese catalyst containing the brominated bipyridine ligand, we will 
utilize the covalent properties offered by the classical organic Grignard reaction. Glassy carbon 
electrodes offer us a model surface to perform the electrode modification steps necessary to 
complete the attachment due to their adaptability and stability. We will prepare the Grignard 
reagents that will react with the alkyl halide by adapting a previously reported two-step process 
that will subsequently hydrogenate then chlorinate our glassy carbon surface. [42] Once 
chlorinated, the Grignard reagents will be completed by suspending Mg tunings and I2 in 
anhydrous diethyl ether in a N2 environment of a glovebox [43]. From here, the surface 
immobilization can be completed as shown in scheme 10 below. 
 
Scheme 10: Electrode Surface Preparation and Immobilization of Catalyst to Electrode 
Surface 
The schematic above depicts the general process of catalyst immobilization to a glassy carbon 
electrode surface. Where A= [2M HCl, 2M H2SO4, -5V and 20mA for 15 min.], B= [3:1 2M 
HCl: 2M HNO3, +2V and 20mA for 5 min.], C= [ Mg (s), I2, Mn(CO)3(5,5’-dmbrbpy)Br, Diethyl 
Ether]. 
 4.1.1 Pretreatment of Electrodes 
 We will polish glassy carbon electrodes with 1.0, .3, and .05um alumina polishing pads 
sequentially for approximately five minutes, while sonicating in reagent grade water between 
each step. GCE’s will be activated in a saturated sodium carbonate solution for five minutes at a 
potential of 1.2V versus Ag/AgVl to eliminate adsorbed hydrocarbon from the environment. 
Following activation, each electrode will undergo successive voltammograms for 40 cycles 
between 0 and 11.0V versus Ag/AgCl at 250mV/s I 0.1M sodium perchlorate. 
 4.1.2 Hydrogenation of GCE’s 
 GCE’s will be placed in a glass tube with a porous membrane using 2M HCl as the 
cathode, and a platinum wire immersed in 2M H2SO4 as the anode. The GCE will undergo a 
potential of -5V and 20mA of current for 15 minutes, while stirring to prevent the accumulation 
of bubbles that would disrupt hydrogenation. 
 4.1.3 Chlorination of GCE’s 
 After hydrogenation is terminated, the GCE is placed in a 3:1 ratio of 2MHCl: 2M HNO3 
as the anode, and a platinum wire is used as the cathode in a 2M H2SO4 solution using a glass 
tube separated by a porous membrane. The glass tube will undergo a potential of +2V and 20mA 
of current for five minutes. 
 4.1.4 Immobilization of Mn(CO)3(5,5′-dBrbpy)Br on Chlorinated GCE 
 Mg tunings (1 eq. with respect to catalyst) and I2 (0.10 eq) will be stirred in anhydrous 
diethyl ether for thirty minutes in a N2 environment of a glovebox. We will introduce our catalyst 
to the solution to allow the Grignard to form, then soak the electrodes in the solution to complete 
the Grignard reaction. 
 4.2 Closing Statements and Conclusion 
 The novel reduction catalyst Mn(CO)3(5,5′-dmbpy)Br was synthesized and extensively 
characterized for its role in reducing gaseous CO2. We found that the catalyst underwent two 
successive reductive steps similar to its (4,4′-dmbpy) counterpart, however under a different 
mechanism as evidenced by the cyclic voltammograms taken in similar solvent between the two 
complexes. We propose that the slight differences in electronics between the two complexes 
encourages labile chemical steps that might transition the catalytic cycle towards a CE 
mechanism in the coordinating CH3CN solvent and an EC mechanism in non-coordinating 
solvent like DMF. As we move towards catalyst immobilization, it will be imperative to firmly 
conclude the true catalytic cycle of Mn(CO)3(5,5′-dmbpy)Br, but the study described above will 
serve as a firm spring board into elucidating its intricacies. 
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